Cells release small extracellular vesicles (EVs) into the surrounding media. Upon virus infection cells also release virions that have the same size of some of the EVs. Both virions and EVs carry proteins of the cells that generated them and are antigenically heterogeneous. In spite of their diversity, both viruses and EVs were characterized predominantly by bulk analysis. Here, we describe an original nanotechnology-based high throughput method that allows the characterization of antigens on individual small particles using regular flow cytometers. Viruses or extracellular vesicles were immunocaptured with 15 nm magnetic nanoparticles (MNPs) coupled to antibodies recognizing one of the surface antigens. The captured virions or vesicles were incubated with fluorescent antibodies against other surface antigens. The resultant complexes were separated on magnetic columns from unbound antibodies and analyzed with conventional flow cytometers triggered on fluorescence. This method has wide applications and can be used to characterize the antigenic composition of any viral-and non-viral small particles generated by cells in vivo and in vitro. Here, we provide examples of the usage of this method to evaluate the distribution of host cell markers on individual HIV-1 particles, to study the maturation of individual Dengue virions (DENV), and to investigate extracellular vesicles released into the bloodstream.
Introduction
Cells in multicellular organisms have many individual features that may be either unique for a particular cell or at least belong to unique groups of cells. Even cultured cloned cells show individual characteristics as evidenced by their diverse morphology. Also, a cell's individuality is reflected in the products it secretes. In the case of viral infection, viral particles can carry proteins from the cells that produced them. For example, for HIV many host cell proteins are embedded in the viral envelope and viruses that are generated by different cells may carry these characteristic proteins 1, 2 or "cell signatures".
Even without infection, cells release into the surrounding media small extracellular vesicles (EVs). Biogenesis of these vesicles and their structure in many cases resemble that of viruses, especially retroviruses. In recent years it has become clear that EVs, which were initially considered to be "platelet dust" 3 , constitute an important physiological system of cell-cell communication. Together with two other systems of intercellular communication, namely cell-cell contact interactions and released soluble molecules, EVs coordinate normal physiology and are altered in various pathologies 4, 5 including viral infections 6, 7 .
Although both released viral particles and extracellular vesicles are highly diverse, they are characterized predominantly by bulk analysis in which their individual characteristics are lost. A method akin to flow cytometry, which phenotypes cells based on their different surface antigens, is needed to characterize individual viral and viral-like particles. Unfortunately, EVs or small virions cannot be analyzed using standard flow cytometry methods because they are too small to generate the light-scattering signal on which most cytometers rely for triggering. To circumvent this limitation, fluorescence triggering can be applied. However, if EVs or virions are stained with fluorescent antibodies it is difficult to distinguish them from free antibodies and their aggregates because of their similar fluorescence and comparable sizes.
, we studied the maturation of individual Dengue viruses (DENV) based on analysis of their surface proteins 14 and investigated EVs released into the bloodstream of healthy volunteers and patients with acute coronary syndrome (ACS). Although based on a similar principle, the application of the new technique required development of specific protocols that are described below.
Separation of the MNP-captured Virions (or EVs) from Unbound Antibodies Using Magnetic Columns
1. Prepare magnetic separation column for use by placing it in a separator magnet. 2. Pre-wet the column with 500 µl of wash buffer (2 mM Ethylenediaminetetraacetic acid (EDTA), 0.5% bovine serum albumin (BSA) in PBS). Allow the wash buffer to flow through the column. 3. Add the MNP-virus/MNP-EV complexes to the column and allow all liquid to flow through. Add 500 µl of wash buffer to the column, allowing the whole volume to pass through. 4. Repeat washing with wash buffer 2 more times. 5. Remove the column from magnet and place in 12 mm x 75 mm tube for collection of the retained MNP-virus/MNP-EV complexes. Let the column stand in the tube off the magnet for 3 min. Add 200 µl of PBS and let the beads flow down by gravity, add another 200 µl of PBS, and fix with 200 µl 4% paraformaldehyde after elution. NOTE: Paraformaldehyde is a suspected carcinogen and should be handled in a ventilated hood and gloves should be worn. 6. To quantify single virions/EVs use volumetric settings on High Throughput Sampler (HTS) or just prior to acquisition add well-mixed flow cytometry count beads.
Evaluation of the Capture Efficiency
1. Capture fluorescently labeled EVs or HIV with MNP-Abs as described in 3.1, 3.2. (EVs can be labeled either with a membrane dye or through their cargo 15 ; HIV can be labeled either through gene-encoded dye 16 , or with a membrane dye 12, 17 ). 2. Prepare magnetic separation column as described in (4.1-4.2). 3. Add the MNP-virus/MNP-EV complexes to the column and allow all liquid to flow through (flow through fraction). Collect the flow through fraction in tube. 4. Proceed with fraction retained on the column as described in (4.4-4.5). 5. Repeat capture procedure on the flow through fraction from 6.3 with subsequent separation (4.1-4.5). 6. Analyze the retained fractions from first capture and second capture by running them on cytometer that is set on triggering on fluorescent label of EVs or HIV. To evaluate efficiency, compare the number of events in both fractions.
Adaptation of the Protocol for Specific Tasks
NOTE: While the protocol can be applied to analysis of HIV and EVs as described above, for analysis of DENV the following modifications should be introduced: 
Representative Results

Selective capture of cellular antigens by HIV-1 virions
With "flow virometry" it is now possible to visualize cellular antigens on individual viral particles. As an example, we focused on two cellular antigens carried by HIV-1, LFA-1 and HLA-DR. Earlier these two antigens were identified in HIV-1 preparations analyzed in bulk 1 . We prepared MNPs coupled with one of the antibodies against Env HIV protein, VRC01, and captured with these MNPs HIV-1 virions (HIV-1 LAI.04 or HIV-1 SF162 produced in peripheral blood mononuclear cells (PBMCs)). In addition, we stained these virions with 2G12, another anti-Env antibody. Flow virometry showed a high heterogeneity of HIV-1 virions regarding the presence of LFA-1 and HLA-DR. On average 16.7 ±2.0% (n = 6) and 8.6 ±0.3% (n = 3) of HIV-1 LAI.04 virions carried LFA-1 and HLA-DR, respectively. Only 4.8 ±0.6% (n = 3) of all virions were positive for both antigens. On the other HIV-1 strain, HIV-1 SF162 , these antigens were present on 20.0 ±4.4% (n = 6) and 10.8 ±1.3% (n = 6) of virions, respectively, whereas both antigens were carried by 6.5 ±0.4% (Figure 1) .
The distribution of the cellular proteins was dependent on the cells that replicated virus. HIV-infected Jurkat cells produced virions antigenically different from those produced by infected PBMCs. Virions of HIV-1 LAI 0.4 produced by Jurkat cells carried 1.6 ±1.4% (n = 3) and 1.6±0.7% (n = 4) LFA-1 and HLA-DR respectively. For HIV-1 SF162 virions produced in Jurkat cells, these parameters were 7.2 ±2.5% (n = 3) and 5.6 ±2.7% of (n = 4). Thus, antigenic makeup (at least for HLA-DR and LFA-1) was different for HIV-1 LAI.04 produced by two different cell types (p <0.02). (Figure 2) . Thus, flow virometry can be used to distinguish fully mature individual DENV from immature (or partially mature) DENV virions.
Flow virometry as applied to evaluation of Dengue virus
Extracellular vesicles released into bloodstream of healthy volunteers and patients with acute coronary syndrome (ACS)
In order to investigate different EV subsets in patients with ACS and healthy controls, we captured EVs from platelet poor plasma (PPP) by fluorescent MNPs-coupled with antibodies against CD31, CD41a, or CD63. EVs captured by CD31-MNPs were stained for CD41a and CD63, EVs captured by CD41a-MNPs were stained for CD31 and CD63, and EVs captured by CD63-MNPs were stained for CD31 and CD41a (Figure  3) .
The amount of EVs captured by CD31-MNPs and positive for one or two of the detection antibodies in ACS patients was 3,359 [2,328; 5,472] EVs/µl in comparison with 1,272 [714; 2,157] EVs/µl in healthy volunteers (p = 0.001). The total amount of EVs captured by CD63 in ACS patients in comparison with healthy volunteers was 3,541 [1,318; 5,173 ] EVs/µl vs. 806 [488; 2,112] EVs/µl (p = 0.007). There were 4,752 [3,238; 7,173] EVs/µl in plasma of patients with ACS captured by CD41a-MNPs, whereas in plasma of healthy volunteers this number was significantly lower, 2,623 [1,927; 4,188] EVs/µl (p = 0.015). In general, our results indicate that, while EV amounts were mostly increased in ACS patients, the magnitude of the increase was different in different sub-populations of EVs. . The basic principles of flow cytometry have not been changed since its development: a cell that passes through the laser beam and scatters light constitutes an event that triggers the recording of the fluorescent spectra emitted by cell-bound fluorescent antibodies. Smaller particles below 300 nm cannot be detected by side scatter of a cytometer as they scatter more light under larger angles at which most flow cytometer do not collect light 18 . The technique described here, allows the identification and the analysis of multiple antigens on numerous individual viruses or EVs by conventional flow cytometers with fluorescence triggering.
The critical steps within the protocol are the coupling of antibodies to MNPs. Our experiments were performed using 15 nm iron oxide nanoparticles with carboxylic acid as a reactive group as described previously 9 . According to the manufacturer, each 15 nm MNP can bind a maximum of 20 antibodies; we bind approximately 10 antibodies per 15 nm MNP. This estimate is based on the amount of antibodies before and after coupling and the number of beads/mL as measured by nanoparticle characterization and sizing instrumentation. In principle, coupling may cause aggregation of particles and is undesirable. To check that aggregation is not happening with our protocol, we verified this with nanoparticle characterization and sizing instrumentation. This instrument measures the hydrodynamic diameter for the particles, which includes the coating and antibody layers rather than the 15 nm core only. We found that the majority of coupled beads are located at a single peak (mean peak at 64.7 ±4.2 nm with 90% of all events below 73 ±7.3 nm). The mixing of Ab-MNP complexes with virions or EVs in the right proportion is important so that MNPs are in the concentration of several orders higher than EVs/virions. This is critical to ensure that single EVs/virions are analyzed. Avoid coincidences of the events by running cytometer at low flow. Ensure to trigger the acquisition on fluorescence and use volumetric controls to measure the concentration of the captured entities.
However, MNPs can aggregate EVs or virions by crosslinking or by the binding of two or more virions to the same nanoparticle. To check this, a test for aggregation as described in Figure 4 has to be performed. Even individually captured virions or EVs may simultaneously enter the laser beam of the flow cytometer. This would create false-positivity for two different antigens. To avoid this, the flow cytometer should be set as described and the preparations should be diluted. One can check whether coincidence is happening by using the same strategy as described in the previous point. Also, the lack of coincidence could be verified by analyzing serial dilutions of the preparation and proving that the number of events decreases linearly with the dilution while the mean fluorescence intensity of a fluorescently stained antigen remains constant in all dilutions (Figure 5) . Another issue is that too few viruses/EVs can be captured. This can be due to the true scarcity of viruses/EVs that carry antigens through which they are captured by specific MNPs. Alternatively, the efficiency of capture is low due to various reasons (e.g., inefficient coupling of antibodies to MNPs, deviation from the ratios of MNPs to virions/EVs developed for this protocol, etc.). To avoid the latter possibility, the efficiency of capture should be specifically evaluated. Typically, the efficiency should be about 90% as in Figure 6 .
Different antibodies can interfere due to steric hindrance with each other or with the antibodies coupled to MNPs. To check that this did not happen a reverse capture protocol must be tested (as described in Section 7. Briefly, virions or EVs should be first stained with fluorescent detection Abs and then captured by Ab-MNP complexes with subsequent separation from free floating Abs on magnetic columns.
Flow virometry has significant advantages with respect to existing methods of analysis of the antigenic composition of virions or EVs. Routine biochemical methods report on the general presence of particular proteins in the preparations, but provide no information on the heterogeneity of the virions or EVs. This includes immunocapture of virions or EVs on large commercially available particles. Such particles are typically of several microns in diameter and each of them can capture hundreds or thousands of virions or EVs. Therefore, any subsequent analysis averages the properties of the virions/EVs captured by one particle. In contrast, flow virometry uses MNPs of 10-15 nm in diameter and with the described protocol at least 90% of events represent a single virion or single EV.
The main limitation is that the entire population of virions or EVs in the preparation might not be analyzed, but only those that are captured. Thus, the choice of the antigen through which virions or EVs are captured becomes critical. Also, unlike flow cytometry the number of different antigens (the number of fluorescent antibodies against different antigens) is limited by the small surface of virions or EVs. Finally, different antibodies may sterically interfere with each other again due to the small (compared to the cells) surface.
The current protocol can be adapted for analysis of any virus or EV of any origin, provided that the specific antibodies through which they can be captured are available. Analysis of antigens on individual virions permits researchers to address the pathogenesis of different fractions of viral populations. Furthermore, identification of individual EVs in plasma may make it possible to trace the origin of EVs to particular cells and to report about normal or pathological conditions of these cells and the organs in which they reside.
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